The impact of Greenland's orography on the general circulation is investigated. Two 10-yr simulations are conducted using the National Center for Atmospheric Research (NCAR) Community Climate Model (CCM3) at T106 horizontal resolution (spectral truncation): a control simulation and a simulation where Greenland's orography is set to sea level. A comparison of the simulations indicates that Greenland has a significant impact on the general circulation of the Northern Hemisphere at both lower and mid-tropospheric levels. The storm tracks over the North Atlantic are shifted southward in the presence of the mountain. There are significant differences between the two simulations over a large area in the Northern Hemisphere. It is argued that this difference pattern is linked to the damming of cold low-level air masses west of Greenland that result in a decrease in the 500-hPa geopotential height on the upstream side of the mountain. Thus, Greenland's impact on the general circulation is fundamentally different from the impact of the Rocky Mountains and the Tibetan Plateau where westerlies impinging on a major mountain range create a trough downstream of the mountain.
Introduction
Greenland is one of the largest mountains in the Northern Hemisphere with a maximum height of bedrock and ice cap exceeding 3500 m and a total area of over two million km 2 . It is located much farther north than the two large mountain ranges, the Rocky Mountains and the Tibetan Plateau, with its southern tip at about 60
• N and a northward extension of 2500 km. Greenland's location is close to the North Atlantic storm tracks and cyclones move northward along both its southeastern and southwestern coast. The upper-level polar vortex is in the mean located in the vicinity of Greenland while there are strong westerlies at middle tropospheric levels near the other mountain ranges mentioned. Furthermore, during winter there are large horizontal temperature gradients in its vicinity. To the west there are cold land masses and sea ice while the relatively warm North Atlantic is to the south and east of Greenland. However, despite its size and location, little is known about its impact on the general circulation. The meteorological research on the effect of Greenland has mainly been limited to the atmosphere in the immediate vicinity of Greenland itself. Extensive work has been done study-ing the surface energy balance, precipitation and snow accumulation (e.g. Chen et al., 1997; McConnel et al., 2000; Denby et al., 2002) . Furthermore, katabatic flow over Greenland has been studied in field experiments (e.g. KABEG'97) and by numerical simulations (e.g Bromwich et al., 1996; Heinemann, 1999; Bromwich et al., 2001; Klein et al., 2001; Heinemann and Klein, 2002a,b) . On a slightly larger scale, the impact of Greenland as a large mountain has gained some attention through case studies. They have mainly focused on Greenland's impact on the airflow east of southern Greenland and found Greenland's orography to be important for the synoptic systems in its vicinity (e.g. Ólafsson, 1998; Doyle and Shapiro, 1999; Kristjánsson and McInnes, 1999) . Petersen et al. (2003) studied flow in the vicinity of idealized mountains and Greenland. They found that a large mountain can increase the geopotential gradient aloft south of the mountain wake and thus influence the airflow far from the mountain. This can result in a positive impact on both depth and propagation speed of cyclones moving far south of the mountain. Schwierz (2001) studied the interaction of Greenland-scale orography and extratropical synoptic-scale flow. She noticed that Greenland-scale orography impacts the atmosphere in a large variety of ways, e.g. the cyclones within the storm tracks can experience large horizontal deflections. The studies mentioned above indicate the possibility that Greenland not only affects the atmospheric flow in its vicinity but also in areas farther downstream.
To the southeast of southern Greenland, there is a climatological minimum in the mean sea level pressure, often referred to as the Icelandic low. Held (1983) showed that the Icelandic low owed its existence at least partly to thermal forcing. However, the model resolution in his study was coarse and Greenland was poorly described. Consequently, the effect of Greenland on the climatological Icelandic low remained unclear.
The purpose of this study is to seek answers to the following question. How does Greenland affect the Northern Hemispheric circulation on large spatial and temporal scales? To address the question, two simulations are conducted with a fine-resolution general circulation model (GCM), a control simulation and a simulation where Greenland's orography is removed. They are compared and discussed, and compared to observations.
The following section includes a short description of the model and the data used. The results are described in Section 3, a discussion is given in Section 4 and finally summary and conclusions appear in Section 5.
The experimental set-up

The model set-up
The National Center for Atmospheric Research (NCAR) Community Climate Model (CCM3) is applied in this study . The CCM3 is a stable, efficient and welldocumented state-of-the-art atmospheric GCM designed for climate research. The standard horizontal resolution that is documented is T42 spectral truncation (approximately 2.8
• × 2.8
• transform grid). In the present study, in order to resolve Greenland better, T106 spectral resolution (approximately 1.1 • × 1.1
• transform grid) is applied. Figure 1 shows the actual orography of Greenland as well as the orography at this resolution. The vertical coordinate is a hybrid sigma-pressure coordinate and there are 18 levels. The model time-step is 450 s and the model is run for 10 yr. Due to the change in resolution it is necessary to tune the model slightly in order to maintain radiative equilibrium (Williamson et al., 1995) . Table 1 shows the parameters that are changed and Table 2 shows the global annual means of selected quantities from simulations with T42 and T106 spectral resolution. The initial data set includes the T42 CCM3.6 Sep1 atmospheric data set, prepared by NCAR. The CCM3 includes a land surface model and has climatological sea surface temperatures that evolve through the seasonal cycle but are repeated each year. 1 The initial data set, as well as the sea surface data set, is interpolated to the T106 resolution. The gravity wave drag is parametrized by standard deviation of the topography. Further information about the model can be found in Kiehl et al. (1996 Kiehl et al. ( , 1998 . The high-resolution data set is NCAR's data set, based on the US Navy Global Elevation 10-min data set. The contour interval is 500 m.
The experiments consist of two simulations: one control simulation, termed 'CONTROL', and a simulation where the orography of Greenland is set to sea level, termed 'NOGREEN'. The surface characteristics are unchanged, thus the surface is still defined as a glacier. The time it takes to damp the noise due the the removal of Greenland is on the scale of days but the first 15 months of the simulations are regarded as spin-up. The outputs from the model are 10 yr of monthly averaged values, as well as 6-hourly values of a few basic variables including geopotential height and sea level pressure.
The results presented are mean winter (December-February) Northern Hemisphere simulated climates. In order to validate the simulations, the CONTROL simulation is compared to NCEP global reanalysis (Kalnay et al., 1996 (Kalnay et al., ) climatology (1968 (Kalnay et al., -1996 . The two simulations CONTROL and NOGREEN are compared by subtracting the results from the NOGREEN simulation from Rossow and Schiffer (1999) . b) Xie and Arkin (1996) . c) Earth Radiation Budget Experiment (ERBE).
those of the CONTROL simulation. The resulting difference fields present the effect of Greenland. The CCM3 has been shown to simulate the North Atlantic storm track structure quite well at the standard horizontal resolution (Magnusdottir, 2001) . In the present study the storm track structure is calculated by bandpass filtering (Blackmon, 1976 ) the geopotential height of the sigma-pressure level that is approximately at the 500-hPa level. A t-test is applied to investigate if the differences between the two simulations are significant. The 10 winters in each simulation are assumed independent and all the major differences are found to be at least 95% statistically significant.
Validation of the CONTROL simulation
A comparison between simulated fields and observations gives an indication of the ability of the model to simulate the atmospheric circulation.
The mean sea level pressure pattern indicates how well the model simulates the circulation near the surface and it represents an integrated measure of the model's thermodynamic representation. The mean distribution of sea level pressure in the Northern Hemisphere during winter (DJF) in the control simulation and the NCEP reanalysis as well as the difference field are shown in Fig. 2 . Due to the sea level reduction problem, the magnitude of the difference over high terrain is not meaningful. The model reproduces the basic patterns well, the Icelandic and the Aleutian low are captured as well as the subtropical high pressure belt. However, there are some regional biases, known to exist in CCM3, documented for the T42 resolution (Hurrell et al., 1998) . During northern winter, the sea level pressure is higher than observed in the subtropics and too low at subpolar latitudes. The Aleutian low does not extend as far east as observed and the high pressure ridge over northern Africa is too strong. The Icelandic low is not closed and erroneously low pressures extend across northern Europe well into Eurasia. Some of these biases seem to be increased by the fine resolution, e.g. the low pressure in subpolar latitudes, especially over the North Atlantic. On the other hand, the errors over the North Pacific and northern Africa are smaller at T106 spectral resolution than at T42. The sea level pressure field in the vicinity of Greenland has much finer structure than at T42 resolution where the high pressure centre over Greenland is not closed and the Icelandic low does not curve around the southern tip of Greenland but simply extends over it (not shown).
The 500-hPa geopotential height field is a representative climate parameter of the mid-tropospheric flow. Figure 3 shows the simulated mean winter 500-hPa geopotential height in the Northern Hemisphere, the NCEP reanalysis and the difference field.
Tellus 56A (2004) The major troughs off the east coast of Asia and North America, as well as the trough over eastern Europe, are well reproduced. The ridges over central Asia and the west coast of North America are also well captured. However, the simulated height is lower than observed at high latitudes, which is consistent with a slight cold bias at extratropical latitudes in CCM3 . Other differences are largely consistent with the sea level pressure errors; for example, the ridge over the west coast of North America is shifted a little to the west of its observed location. The simulated Atlantic ridge is too weak and does not extend as far east as observed. The errors at T106 resolution with respect to T42 resolution are consistent with the sea level pressure errors discussed above. At subpolar latitudes, the biases have increased slightly while they have decreased at mid-latitudes.
The comparison shows that even though there are some regional differences between the CCM3 control simulation and the NCEP reanalysis, the model simulates the atmospheric circulation reasonably well. The CONTROL simulation will therefore in the present study be regarded as an approximation to the atmospheric circulation with Greenland present and the NOGREEN simulation to the circulation when the orography of Greenland has been removed. The difference between the two simulations should give indications of the effect of Greenland's orography on the circulation, assuming that the model biases cancel. Figure 4a shows the mean sea level pressure during the winter in the NOGREEN simulation and Fig. 4b shows the difference field between the two simulations. When Greenland's orography is removed the Icelandic low does not curve around the southern tip of Greenland, as it does in its presence, and the low loses its banana shape. The low is deeper than in the CONTROL simulation and the centre is shifted slightly to the north. The difference field shows that Greenland contributes to higher sea level pressure east and southeast of the mountain while the sea level pressure is lower over southern Europe, Canada and Alaska. Figure 5a shows the 500-hPa geopotential height in NO-GREEN. The trough off the east coast of North America is broader than in the CONTROL simulation with the 500-hPa polar vortex now no longer mainly confined to the west of Greenland but extending farther to the east. The difference field (Fig. 5b) shows that the impact of Greenland is to increase the 500-hPa geopotential height in the Greenland area and over a large part of the North Atlantic, while there is a decrease of the geopotential height to the west of Greenland, centred over Alaska, as well as over southern Europe.
Results
The 1000-500 hPa geopotential thickness can help shed light on the pattern seen in Fig. 5b . Figure 6 shows the mean winter thickness difference between the simulations. Over northern Canada and Alaska as well as over northern Europe the thickness is reduced by Greenland's presence. The thickness over the central part of North America is, on the other hand, significantly increased. Over the North Atlantic east of Greenland, there is little difference between the simulations and the difference is not significant at the 95% level. This will be discussed in more detail in Section 4.
Storm tracks can be symbiotically linked to the planetary-scale flow (Chang et al., 2002) , that is, there is an intimate relationship between the planetary-scale flow and the storm tracks. It is therefore reasonable to expect some influence on the storm tracks by Greenland's orography. Figure 7a shows the storm track structure at the 500-hPa level in the CONTROL simulation calculated by bandpass filtering the geopotential height data with a 2.5-6 d filter. The storm track structure has its maximum at about 50 This maximum is shifted slightly to the south relative to observations (Chang et al., 2002) . There is a local maximum in the activity at the southwestern coast of Greenland, the fingerprint of cyclones moving into the Davis Strait. The mountain prevents these cyclones from moving farther east and they therefore follow the western coast of Greenland northward as they decay. Figure 7b shows the difference in extratropical 500-hPa variability between the CONTROL and the NOGREEN simulations. The figure shows Greenland to contributes to more intense storm tracks over North America and the Pacific as well as over northern Asia. Over the North Atlantic and northern Europe the activity is less than in the NOGREEN simulation. The storm track structure will be discussed further in Section 4. Figure 8 shows the mean winter precipitation difference. When the Greenland mountain is present, there is considerably more precipitation at the southern tip of Greenland, along its southeastern coast and at the west coast of Canada. At the western coast of Norway there is a 2 mm d −1 reduction in the precipitation rate, while the decrease over the North Atlantic is about 1 mm d −1 . However, relative to the total precipitation rate in the CONTROL simulation (not shown), only the difference in the Greenland area is large, accounting for more than half of the precipitation rate. Note that the large precipitation values near the southern tip of Greenland in the CONTROL simulation (about 8 mm d −1 , not shown) are supported by observations (Putnins, 1970) . This maximum in precipitation is probably caused by combined effects of some cyclones moving into the Davis Strait and orographic lifting at the steep slopes of the southeastern coast of Greenland. The North Atlantic Oscillation (NAO) index is a common measurement of the variation in the strength of the zonally averaged middle latitude surface westerlies and thus a reflection of the variation in the NAO (Hurrell et al., 2003) . Figure 9 shows the NAO index in the two simulations calculated for DecemberFebruary between Stykkishólmur, Iceland (65
• N 22
• W) and Lisbon, Portugal (38
There is not a clear difference between the simulations. During the first six years, the CONTROL simulation has a larger NAO index than NOGREEN, while it has a lower NAO index for the last four years. An empirical orthogonal function (EOF) analysis of the sea level pressure in the simulations shows the first EOF in both simulations to reflect the Northern Hemispheric Annual Mode (NAM) as can be seen in Fig. 10 . The EOF 1 signal at polar latitudes in the CONTROL simulation is shifted to the east relatively to EOF analysis of observed data ( fig. 8 in Hurrell et al., 2003) . The signal in the polar region has a rounder shape in the NOGREEN simulation than in the CONTROL simulation where Greenland's impact is found, giving an elongated shape. In other areas there is not a great difference between the simulations.
Discussion
The experimental set-up in the present study is simple, the only difference between the two simulations being that the orography of Greenland is removed from the boundary conditions of the NOGREEN simulation. The horizontal extent of Greenland is the same as before, the surface is still defined as a glacier throughout the whole simulation and consequently the albedo is unchanged. It is therefore mainly the impact of Greenland as a large mountain that is isolated. The simulation time is 10 yr, which in the NOGREEN simulation gives the model ample time to form a pseudo-climate, based on a low flat ice-covered island, instead of the Greenland mountain. The results in the present paper should be studied in the light of the GCM applied, the CCM3, as it is possible that some of the results can partly be dependent on the model. The regional biases in the model should be of the same scale in both simulations and thus the difference between the simulations should reflect the impact of Greenland. Figure 5b shows that there is considerable difference in the 500-hPa geopotential height between the NOGREEN simulation and the CONTROL simulation. The 500-hPa geopotential height difference can have two origins: a difference at the 1000-hPa level or a difference in the geopotential thickness between 1000 and 500 hPa. A comparison of Figures 4b, 5b and 6 shows the following. The slightly lower geopotential height over southern North America and the North Atlantic as well as the higher 500 hPa over central North America and the North Atlantic south of 60
• N are caused by changes in the thickness. The increase in the 500-hPa level east of Greenland when the mountain is present is due to the higher sea level pressure while the lower 500-hPa level over Alaska, northern Canada and northern Europe seems to be due to the combined effects of a change at sea level and also in the thickness. The impact of Greenland seems mainly to be a mechanical blocking or a damming of cold air. On the west side of Greenland, the air mass is cooled down by radiative heat loss during the polar winter over the cold land masses and the sea ice. The mountain acts as a barrier, making it more difficult for the cold air to spread out or to be advected by passing cyclones and thus contributes to colder air masses over northern Canada and Alaska. This cooler air causes a reduction in the 1000-500 hPa geopotential thickness in the area and thus a reduction of the 500-hPa ridge off the western coast of North America. Furthermore, the cold air mass over the Canadian Arctic increases the baroclinicity over North America, resulting in a larger cyclone activity and thus lower sea level pressure in the area. Another possible point of view would be that Greenland causes a difference in the large-scale flow by its impact on the 500-hPa polar vortex which is confined to the west of Greenland but extends farther east in the NOGREEN simulation.
The sea level pressure east of Greenland is higher when the mountain is present. A possible reason for this higher pressure is that Greenland, due to its barrier effect, weakens the flow of cold air from the north and west toward cyclones east of Greenland and consequently weakens the baroclinicity, hence reducing the cyclone strength. This effect was suggested by Kristjánsson and McInnes (1999) . A second reason could be that the low-level flow east of northern Greenland, which is on average easterly, piles up air mass at the foot of the mountain in an orographic blocking causing higher pressure. A third possible explanation could be that the high sea level pressure centre, which is often found over Greenland, affects the sea level pressure east of Greenland by increasing northerly cold winds east of Greenland and thus displacing the cyclone tracks southward, see Fig. 7b .
The difference in precipitation rate is compatible with the difference in the storm track structure. The large difference in precipitation rate at the southeastern coast of Greenland is probably at least partly due to the absence of direct orographic lifting when Greenland is flat, but may also be related to the deformation of cyclones passing between Iceland and Greenland (Kristjánsson and McInnes, 1999) . Also, the reduction in storm activity over large areas of the North Atlantic in the presence of Greenland results in reduced precipitation.
The difference in the NAO indices between the simulations varies during the simulation time and it is difficult to say whether the two NAO indices show a significant difference. The differences between the leading EOFs are also difficult to interpret as a significant change in the flow.
The results presented here are mainly on a large scale and the comparison of various fields shows that Greenland seems to have a significant impact on the large-scale flow in the Northern Hemisphere. However, the impact on the Icelandic low is not clear. Due to the complexity of the impact, e.g. mechanical blocking or damming of cold air to the west of the mountain and possible orographic blocking at the northeastern coast, it is not possible to conclude anything about Greenland's impact on the Icelandic low in the present study. This is an interesting research topic that will need more investigations.
Summary and conclusions
The present investigation consists of two simulations with the CCM3 applying fine resolution. Although some regional biases known to exist in the model are found, the model simulates the atmospheric circulation reasonably well. The CONTROL simulation is therefore regarded as an approximation to the atmospheric circulation, the NOGREEN simulation to the circulation in Greenland's absence and the difference field as Greenland's impact on the Northern Hemispheric circulation.
The present study shows that Greenland has a significant impact on the general circulation of the Northern Hemispheric extratropics, at both lower and mid-tropospheric levels. Due to the presence of Greenland, the storm tracks are shifted southward over the North Atlantic and thus the mountain contributes to less precipitation at the western coast of Norway and over the North Atlantic. Greenland has a damming effect on the air mass on its west side, which is cooled down by radiative heat loss during the polar winter, leading to less geopotential thickness in the area and thus less 500-hPa geopotential height than in the simulation without Greenland. The cold air also causes increased baroclinicity over North America leading to an increase in cyclone activity. On the east side of Greenland, the mountain causes higher sea level pressure which is associated with increased geopotential height at the 500-hPa level.
The study demonstrates that Greenland's impact on the general circulation is fundamentally different from the impact of the Rocky Mountains and the Tibetan Plateau. Unlike the case of the classic Rossby wave where westerlies impinge on a major mountain range and a trough is created downstream of the mountain, Greenland's impact seems mainly to be a perturbation of the flow on the upstream side of the mountain generated by damming of cold low-level air masses.
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